INTRODUCTION
Gap junction channels are permeable to ions and small molecules providing a direct pathway for cytoplasmic communication between adjacent cells (8). They are constituted by integral membrane proteins, termed connexins (Cxs). In each cell, these proteins assemble into hexameric hemichannels (connexons) which at the plasma membrane dock and register with connexons in adjacent cells to form gap junctional channels (8). Cxs have been named according to the molecular mass deduced from their cloned cDNA (e.g. Cx26, Cx32 and Cx43) (5). The expression of different Cxs varies among tissues, and most organs express more than one Cx.
While Cxs 40, 43 and 45 are expressed in rat heart (26), Cxs 26, 32 and 43 are expressed in rat liver (4). In addition, a single cell type can express more than one Cx which may be found in the same (38, 58) or different gap junction plaque (19).
In mouse liver, both Cx26 and Cx32 are expressed by all hepatocytes (38), whereas in rat liver Cx32 is present throughout the acinus but Cx26 is found mainly in periportal hepatocytes It is unknown whether the action of released inflammatory mediators might be a common mechanism involved in regulating liver gap junctions during cholestasis. In addition, it is possible that retention of bile components associated with cholestasis could be contributing to alter Cx expression. To address these questions, first we compared changes in expression and cellular distribution of hepatic Cxs in different models of cholestasis. A reduction in the expression of Cxs by hepatocytes was found only under conditions (LPS, OC and total bile retention induced by choledochocaval fistula (CCF)) where a marked infiltration of inflammatory cells was present. Second, we analyzed the effect of inflammatory mediators on gap junction communication, demonstrating that TNF-α, IL-1β and IL-6 reduced dye coupling between cultured hepatocytes. Finally, the addition of LPS induced a decrease in dye coupling between hepatocytes when co-cultured with KC, suggesting the involvement of KC-derived cytokines in the reduction of hepatocyte gap junction communication.
MATERIALS AND METHODS

Reagents.
Rabbit anti-mouse IgG antibody, goat anti-rabbit antibody conjugated to alkaline phosphatase, leupeptin, pepstatine A, di-isopropylfluoro-phosphate, phenylmethylsulfonyl fluoride (PMSF), 1,4-diazabicyclo-(2.2. buffer, pH 10). Papaine coupled to sepharose (0.5 ml) was washed twice with 4 ml digestion buffer, resuspended in 0.5 ml of digestion buffer and added to 1 ml IgG solution. The reaction mixture was incubated at 37 o C for 5 h or over night under constant shaking. The digestion products were recovered, mixed with 1.5 ml union buffer, and then passed through a union buffer equilibrated column of protein A coupled to sepharose. The column was washed with 6 ml of union buffer and the collected elute that contained F(ab) 2 fragments was dialyzed the same as mentioned above. Finally, F(ab) 2 fragments were suspended in 500 µl of 1 % BSA suspended in PBS and frozen −80 o C until they were used. The reactivity of anti-Cx43 IgG F(ab) 2 fragments were tested by immunofluorescence in rat heart cryosections.
Animal treatments
Male Sprague-Dawley rats (180-200 g body weight) from the Animal Institute of the Pontificia Universidad Catolica de Chile were used. Rats were subjected to hepatocellular cholestasis by the administration of LPS (LPS-HC) or EE (EE-HC), or subjected to OC by ligation of the common bile duct. A separate group of animals was subjected to total bile retention without obstruction by a choledochocaval fistula (CCF), as previously described (22).
Rats fasted overnight were anaesthetized at 8:00 a.m. with ether and a single dose of LPS dissolved in sterile saline was administered (2 mg/kg of body weight) through the right femoral vein. Within the first 12 h post-LPS administration 10 to 15% of the rats died and were not included in these studies. A separate group of rats was treated with EE dissolved in 1,2-propylene glycol. A daily (at 9 am) dose of EE was administered subcutaneously (5 mg/kg of body weight).
To induce OC or CCF, the common bile duct was double ligated and transected or cannulated In double immunolabeling studies liver sections were first incubated overnight at 4 o C with antiCx43 antibody and then were incubated with the ED1 antibody for 3 h at room temperature.
After three 15 min washes with PBS, sections were incubated with both goat anti-rabbit IgGs and goat anti-mouse IgGs secondary antibodies coupled to FITC and rhodamine, respectively.
Fluorescence was viewed under a xenon arc lamp on a Nikon Labophot-2 equipped with epifluorescent illumination and photographed using T-Max 400 film (Kodak). Specificity of immunoreactivity was assessed by replacing the primary antibody with pre-immune serum or the preimmune serum IgGs F(ab) 2 fragments when it was appropriated.
Western blot analysis
Levels of Cx32 and Cx43 were determined by immunoblot, as previously described (4).
Cx26 levels were analyzed in alkali residue plasma membranes, prepared as described by Fallon et al. (1995) (13) . Briefly, tissue samples were pulverized in a chilled mortar (-60 o C), suspended in a solution containing phosphatase (100 mM NaF and 100 mM sodium pyrophosphate) and protease (leupeptine, 500 µg/ml; aprotinine, 40 µg/ml; soybean trypsin inhibitor, 2 mg/ml; benzamidine, 1 mg/ml; ε-amino caproic acid, 1 mg/ml; PMSF, 3 mM and EDTA, 20 mM) 
Preparation of acute cultures of rat hepatocytes
Primary cultures of adult rat hepatocytes were prepared using a collagenase perfusion technique described by Berry and Friend (1969) (3). Cells were resuspended in Waymouth´s medium supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 g/ml streptomycin and 0.5 g/ml insulin. Cell viability was between 85% and 90%, as assessed by the cell exclusion to Trypan blue. Cells (1.5 X 10 6 per 3 ml culture medium) were preplated in 60 mm Primaria plates (Becton Dickinson and Company, Oxnard, CA) for 90 min. The medium was then replaced by fresh L-15 medium without bicarbonate supplemented with 10% FCS, 100 U/ml of penicillin, 100 g/ml streptomycin. At this point, either LPS or different cytokines were added to the culture medium and unless otherwise mentioned functional studies were carried out within the following 16 h.
Co-cultures of hepatocytes with Kupffer cells.
Kupffer cells (KC) were isolated using a double Percoll gradient, as previously described hepatocytes were seeded onto plates containing KC and 90 min later the Waymouth's medium was replaced by L-15 medium without bicarbonate supplemented 10% FCS, 100 U penicillin, 100 µg/ml streptomycin.
Cell coupling
To evaluate the functional state of gap junctions, the culture medium was replaced with 
Macrophage quantification in the liver
In four separate experiments, monocyte-macrophages were detected in liver sections by immunofluoresence with the anti-ED1 antibody. In each animal, cells were counted by a blinded observer using a stereological method (61) in microphotographs taken from 5 different fields at 100 x magnification (total of fields 20 per group).
Statistical analysis
Mean differences were tested with the non-parametric Kruscal-Wallis analysis. If significant F-value was obtained, means were compared with the Bofferonni-Dunn multiple comparison test. A value of p<0.05 was considered significant.
RESULTS
Inflammatory response induced by cholestasis
The time course and mechanism of cholestasis in each experimental group differed. While a sublethal dose of LPS induces an acute and transient effect (several hours), the administration of EE induces an effect that lasts for several days and is accompanied by the deterioration of the rats due to anorexia (20). Although CCF does not correspond precisely to a cholestatic state, the levels of serum bile components are similar to those seen in OC, but without an increase in biliary pressure. This in part allows separation of the effects of biliary obstruction from those of serum bile overload (22).
Kupffer cell proliferation and infiltration of monocytes occurs during different forms of liver inflammation. To determine the magnitude of macrophage infiltration in the liver of the different models of cholestasis, cells reactive to the anti-ED1 antibody (macrophage marker)
were counted in liver sections. Lipopolysaccharide-HC, OC and CCF, but not EE-HC, induced a recruitment of inflammatory cells to the liver (Table 1) . While the number of ED-1 positive cells did not change after 8 h of LPS treatment, a significant increase occurred after 16 h (75%) and 24 h (110%) ( Table 1 ). In rats subjected to 3, 7 or 14 days of OC a progressive increase (38%, 65%
and 88%, respectively) in the number of anti-ED1 reactive cells was observed. Similarly, a 36%
and 75% increase of anti-ED1 positive cells occurred in the liver of rats subjected to CCF for 2 and 6 days, respectively (Table 1) . On the contrary, no significant changes in the number of anti-ED1 reactive cells occurred in rats with either EE-HC or undergoing a sham procedure (Table 1) .
LPS-HC, OC and CCF, but not EE-HC, reduce Cx26 and Cx32 in the liver
While the available anti-Cx26 antibody detects Cx26 in alkali-insoluble membrane fractions, the anti-Cx32 and anti-Cx43 antibodies react well with their respective antigen present in total cell homogenates (4,13). Thus, aliquots of alkali-insoluble membranes (Cx26) or total liver homogenates (Cx32 and Cx43) from control, sham and rats subjected to LPS-HC, OC, CCF or EE-HC were analyzed by immunoblotting. Within each time studied, the relative levels of Cx26 and Cx32 were drastically reduced in rats with LPS-HC and OC (Figs. 1A and B, respectively). During OC, there is high pressure in the biliary tree and the plasma levels of bile components are markedly increased. To elucidate whether the overload of bile components is sufficient to induce the changes in Cx expression observed in OC, rats were subjected to total bile retention without bile duct obstruction by a CCF. In this group of rats, levels of both Cxs 26 and 32 were reduced (Fig. 1C) as seen in the liver of rats treated with LPS or with OC. In contrast, in EE-HC the levels of Cx32 increased to about three-fold, while Cx26 levels remained unchanged (Fig. 1D ).
The characteristic honeycomb labeling pattern detected for Cx26 in periportal regions and Cx32 throughout the liver acini of control rats ( Fig.2A and 3A , respectively) was also present in the liver of sham animals ( Fig. 2F and 3F , respectively). Nonetheless, in rats with OC, LPS-HC or CCF, the immunoreactivity of both Cx26 (Fig. 2B , C and D, respectively) and Cx32 (Fig. 3B , C and D, respectively) was drastically reduced. However, an apparent increase in intensity of staining located at cellular interfaces for Cxs 26 and 32 was detected in liver sections of rats with EE-HC ( Fig. 2E and 3E , respectively).
In immunoblots, Cx43 was resolved as several bands known to correspond to the nonphosphorylated (NP) and phosphorylated (P2) forms of the protein (33). Consistent with a previous report (4), the NP form of Cx43 predominated in liver samples of sham rats (Fig. 1, A-D ). In liver samples of LPS-treated rats a marked and transient increase in both NP and P2 forms of Cx43 was detected, where the maximal increase was attained at 16 h (Fig. 1A) . In liver samples of rats with OC a progressive and sustained increase of Cx43 levels was detected ( Fig 1B) . However, in rats subjected to CCF or EE-HC a mild but non-significant increase in levels of Cx43 was observed ( Fig. 1C and D, respectively) . The levels of both NP and P2 forms of Cx43 detected in liver samples of sham animals were similar to that of control rats (not shown).
Under normal conditions, KC of the rat liver are located preferentially in periportal regions (59). Double-immunolabeling studies in liver sections from control animals showed anti-ED1 reactivity restricted mainly to periportal regions, thus most likely corresponding to KC (Fig.   4 ). In addition, anti-ED1 reactivity co-localized with Cx43 (Fig. 4) as previously reported (46).
Sixteen hours after the administration of LPS, a marked increase in anti-ED1 immunoreactive cells that were distributed throughout the hepatic acini was evident, and most of the ED1 positive cells were also positive for Cx43 (Fig. 4) . Twenty four h after LPS administration the infiltration of anti-ED1 immunoreactive cells persisted (Table 1) , however, the intensity of Cx43 staining detected in many cells was low (not shown). This was consistent with the fall in levels of Cx43 measured by immunoblotting in tissue samples obtained from the same animals (Fig. 1A) . In liver samples obtained from rats with 7 days of OC, cells positive for ED1 increased and many of them also showed reactivity for Cx43 (Fig. 4) . Liver sections of rats with 2 days of CCF showed numerous anti-ED1 positive cells and although some of them were positive for Cx43, their reactivity was less intense than in rats subjected to LPS-HC or OC. In the liver of rats with EE-HC, the number of anti-ED1 positive cells remained as in control and sham rats and only a small fraction of them were weakly reactive for Cx43 (Fig. 4) .
In rats subjected to LPS-HC, EE-HC and CCF the reactivity to Cx43 detected in epithelial cells of the bile ducts and in cells of the Glisson´s capsule was comparable to that of control or sham operated rats (not shown). Nevertheless, after 7 days of OC, epithelial cells of the bile ducts underwent active proliferation (Fig. 5B) as previously reported (31) . Thus, the increased number of cholangiocytes that were positive for Cx43 (Fig 5B) , is likely to have contributed to the enhanced levels of Cx43 detected by immunoblot in the liver of animals with OC.
It is known that many cells, including cells from the reticulo-endothelial system and epithelial cells express Fc receptors on their surface (21), thus immunofluorescense studies with whole antibody molecules could yield false positive results. Therefore, the Fab fragments from the original anti-Cx43 serum used in our experiments were obtained as described in methods.
Labeling intensity to the F(ab) 2 fragments was lower but present in both macrophages and cholangiocytes .
Gap junction communication between cultured hepatocytes is reduced by TNF-α, IL-1β and IL-6, but not by LPS.
Since the presence of liver inflammation during cholestasis was associated with a reduced expression of Cxs by hepatocytes, it is possible that inflammatory cytokines may mediate this 
6B, inset). This was also true for IL-1β and IL-6 (not shown). Treatment with LPS or with
cytokines did not alter cell viability (90-95 %) as assessed by the cellular exclusion of trypan blue. In time course studies, the maximal reduction of dye coupling induced by IL-1β(10 ng/ml) occurred earlier than that induced by TNF-α or IL-6 (10 ng/ml) (Fig. 6C ). All cytokines achieved maximal reduction of dye coupling by 16 h of treatment (Fig. 6C ).
Glucocorticoids act through various mechanisms to inhibit inflammation, whereas nitric
oxide is known to participate in many processes of the inflammatory response. Therefore, we tested the effect of glucocorticoids or the inhibition of nitric oxide synthesis on the TNF-α-induced hepatocyte uncoupling. Thirty min prior to the addition of TNF-α, dexamethasone or N-ϕ-nitro-L-arginine (a competitive inhibitor of nitric oxide synthase) were added to the cell culture. It was found that dexamethasone (10 µM), but not N-ϕ-nitro-L-arginine (10 mM), blocked the TNF-α-induced hepatocyte uncoupling (Fig. 6D) . In control experiments, the addition of dexamethasone or N-ϕ-nitro-L-arginine alone did not alter hepatocyte dye coupling ( Fig. 6D) 
LPS reduces gap junctional communication between hepatocytes maintained in co-culture with
KCs.
Since LPS did not alter hepatocyte dye coupling, but macrophages are a major source of cytokines when activated by LPS (23), we tested if LPS modifies gap junctional communication between hepatocytes that are co-cultured with KC at a ratio of 1:2 (Fig. 8) . After 16 h in coculture the incidence of dye coupling between hepatocytes was similar (95%) to that found in cultures of pure hepatocytes (Fig. 8) . However, the addition of LPS (10 µg/ml) to co-cultures reduced hepatocyte coupling to about 35% (Fig. 8 ). This effect was prevented by 30 min pretreatment with dexamethasone (10 µM), but not by N-ϕ-nitro-L-arginine (10 mM) (Fig. 8 ). The addition of LPS to hepatocyte-KC co-cultures did not affect the hepatocyte viability (90-95 %)
as assessed by the cellular exclusion of trypan blue. Transfer of Lucifer yellow from hepatocytes to KC or KC to hepatocytes was not detected in either control or LPS-treated co-cultures. In control experiments, neither dexamethasone nor N-ϕ-nitro-L-arginine affected the incidence of dye coupling between hepatocytes in co-culture with KC (Fig. 8) .
Discussion
Cholestasis is a consequence of many pathological conditions resulting in different degrees of liver dysfunction. In the present study, we found that reduced Cx expression by hepatocytes occurs when cholestasis is associated with an inflammatory response (LPS-HC, OC and CCF). Furthermore, we demonstrated that putative inflammatory mediators presumably released by KC reduced gap junctional communication between hepatocytes.
The reduction in levels of Cxs 26 and 32 observed during OC is consistent with that shown in previous reports (56, 13). The downregulation of Cxs in hepatocytes of rats subjected to total bile retention induced by a CCF, suggests that the plasma overload of bile components may play an important role in the downregulation of Cxs in OC. In fact, during CCF plasma bile components, including bilirubin and bile acids, reach levels comparable to those found in rats subjected to OC ( 
